The nano-sized silica fillers reinforced poly(ether ether ketone) (PEEK) composites were fabricated by means of compression molding technique. The nano-sized silica, measuring 30 nm in size, was firstly modified by surface pretreatment with stearic acid. The performances and properties of the resulting PEEK/SiO 2 nanocomposites were examined in terms of tensile loading, hardness, dynamic mechanical analysis (DMA), thermomechanical analysis (TMA), thermogravimetry analysis (TGA), differential scanning calorimetry (DSC), X-ray diffraction (XRD), scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The modified nano-silica was seen to disperse more uniformly than the unmodified counterpart. The XRD patterns of the modified silica reinforced PEEK composites reveal a systematic shift toward higher angles, suggesting the smaller d-spacing of the PEEK crystallites. The coefficient of thermal expansion (CTE) becomes lowered when the content of the nano-silica increases. Furthermore, the CTE of the modified silica filled PEEK nanocomposites shows the higher CTE values. A logic model is proposed. The increment of the dynamic modulus for the PEEK nanocomposites is up to 40% at elevated temperatures from 100 to 250
Introduction
It is well known that the polymer composites can be fabricated through the incorporation of the inorganic reinforcements into the polymer matrix. The properties of the resulting polymer composites depend on the characteristics, dimensions, and shapes of the inorganic fillers and also on the interfacial bonding strength. It was proposed that the decreasing filler dimension and increasing filler content will significantly improve the specific area of the filler, and in turn it would greatly and effectively improve the transfer of the load between the fillers and the polymer matrix [1] . The inorganic nanofillers, ranging from 1 to 50 nm, were successfully incorporated into the polymeric matrix to strengthen and improve the ductile polymer to be more stiff and resistant for abrasion [2] [3] [4] [5] [6] .
PEEK is a high-performance engineering plastics with high glass transition and melting temperatures [7] . Nanofiller reinforced PEEK composites have been successfully fabricated by * Corresponding author. Fax: +886 7 5254099.
E-mail address: jacobc@mail.nsysu.edu.tw (J.C. Huang).
means of compression molding process [2] [3] [4] [5] . The promising high performance nanocomposites reveal a significant improvement in the tribological characteristics, resulting in considerably decreased frictional coefficient and wear rate [2] [3] [4] . Moreover, the PEEK polymer filled with nano-sized silica or alumina fillers measuring 15-30 nm has demonstrated an improvement of elastic modulus and tensile strength by 20-50% [5] .
However, the nano-sized silica or alumina fillers reinforced PEEK composites appear to be somewhat agglomeration or clustering in the nanofiller phase [5, 8] . It is well known that the dispersion of the nanofiller in the polymer matrix can be improved with the aids of surface modification by chemical reaction or non-reactive modifier [9] . Alkyl silane coupling agents have been applied as the chemically reactive modifiers [10] [11] [12] [13] [14] . Soloukhin et al. [10] used 3-(trimethoxysilyl) propyl methacrylate (MEMO), a coupling agent, to modify the nano-sized silica fillers (5-15 nm). It was reported that MEMO could react with the silica fillers and, meanwhile, with the vinyl monomers, so as the in situ polymerization could occur as well. Applying the alkyl silane coupling agent, the nanosized silica content can reach as high as 40-50 wt% with less agglomerates or apparent silica domain in the polymer matrix.
Except for alkyl silane coupling agents, alkoxysilane coupling agents can also approach the same work. Musto et al. [15] used ␥-glycidyloxypropyltrimethoxysilane (GOTMS) as a surface modifier for the nano-sized silica fillers to prepare the polyimide/silica hybrid nanocomposites, in which the silica content could reach as high as 28 wt%. The coupling agents, such as alkyl silane and alkoxysilane coupling agents, were mostly applied for the sol-gel method to fabricate the inorganic-nanoparticle reinforced polymer composites.
On the other side, stearic acid has been proposed as a non-interacting surface modifier [16] . It was proposed that poly(ethylene 2,6-naphthalate) (PEN) nanocomposites were successfully prepared by the inclusion of the surface-modified nano-silica fillers [9] . It was reported that the absorbed stearic acid on the surface of the nano-sized silica fillers could reduce the interaction between the silica nanofillers, and also lower the size of agglomerates with increasing filler content.
It is well known that PEEK is of good resistance to most organic solvents except concentrated sulfuric acid (95-98%) and methyl sulfonic acid (CH 3 SO 3 H) [17, 18] . Because of the poor solubility of the PEEK polymer in solvents, it is more feasible to fabricate its nanocomposites through the compression molding technique instead of the sol-gel method. Accordingly, nanofiller reinforced PEEK composites have been successfully fabricated by means of compression molding process [2] [3] [4] [5] .
In our previous studies on the PEEK nanocomposites [5, 8] , the inorganic fillers without any surface modification were incorporated into the PEEK matrix. The resulting PEEK nanocomposites were proved to be good performances in the improvements of the PEEK stiffness and microhardness. In order to obtain the better dispersion characteristics of the silica nanofillers in the PEEK matrix, it was inspired that the surface modification on the silica nanofillers should be carried out to impart the uniform filler dispersion and the smaller agglomerates domain. For the above purpose, the stearic acid could be applied as the non-interacting surface modifier due to the poor chemical reactivity of PEEK polymer. In this study, the modified silica filled PEEK nanocomposites are fabricated using the hot-press technique. The microstructure, thermal and mechanical properties are examined and compared so as to assess the consequence of the surface modification.
Experimental procedures
The PEEK granules (grade Victrex 450P with a diameter ∼2-3 mm) were purchased from the ICI Company, USA, and were further ground into fine powders measuring 40-75 m. The density of PEEK polymer is 1.30 Mg/m 3 . The as-received fumed silica nanofillers with diameter ∼30 nm and purity ∼99.9% were purchased from the Plasmachem Gmbh Company, Germany/Russian. The SiO 2 fillers have aspect ratio near 1, and the density of the silica is 2.65 g/cm 3 .
In order to obtain the well dispersed silica nanofillers in the PEEK matrix, the as-received silica fillers were firstly subjected to the surface pre-treatment with stearic acid (M w = 284.48 g/mol, melting point = 68-71 • C, boiling point = 361 • C) [9] . As for the surface modification, stearic acid was firstly added to isopropyl alcohol and the mixture was stirred for about 1 h at room temperature. Then, the silica nanofillers were added to the mixture in order that the silica nanofillers could bond with stearic acid through hydrogen bonding and impart hydrophobic characteristics to the surface of nano-silica [9] . In this study, stearic acid with concentration of 5% (in terms of the weight of silica) was applied to estimate the effect of the surface modification. PEEK nanocomposites were fabricated by means of compression molding at 400 • C under a pressure of 60 MPa. Prior to compression molding, the fine PEEK powders were completely mixed with the stearic acid modified silica nanofillers through ultrasonic vibration in alcohol medium, and then the well dispersed sol was dried at 80 • C to remove the excess alcohol. Nanofillers without surface modification were also applied for comparison.
Room temperature tensile properties, including Young's modulus (E), ultimate tensile strength (UTS) and elongation to break (e), were determined in accordance with the ASTM standard E8M-89. The gauge length was set to be 40 mm, and the crosshead speed was 1 mm/min, corresponding to a strain rate of 4 × 10 −4 s −1 . Strain gauge was attached to the gauge for measurements of elastic modulus and failure elongation. A Shimadzu HMV-2000 Vickers microhardness tester was applied to evaluate the microhardness enhancement. The specimens were subjected to a load of 50 g for time duration of 15 s.
The JEOL-JSM 6330TF field emission scanning electron microscope (SEM) equipped with energy dispersive spectrometry (EDS) and the PHILIPS CM-200 transmission electron microscope (TEM) were used to evaluate the nanofiller dispersion condition. The thin foil TEM specimens were prepared by microtome with a diamond knife, and examined in TEM operated at 150-200 keV. Also, a Siemen D5000X X-ray diffractometer with Cu K␣ radiation was applied to investigate the effects of the nanofillers on the crystallization characteristics of the PEEK resin.
The effect of the nanofillers on the thermal behavior of the PEEK resin was evaluated using a Perkin-Elmer differential scanning calorimeter (DSC Pyris 1). The weights of all samples were about 6 mg, and these samples were heated to 410 • C at a heating rate of 10 • C/min under nitrogen atmosphere, and held for 5 min to remove the previous thermal history, and the cooling scan (first cooling run) was then carried out by cooling the samples from 410 to 50 • C at a cooling rate of 10 • C/min. Subsequently, the heating scan (second heating run) was conducted by heating the samples from 50 to 410 • C at a heating rate of 10 • C/min. The effect of the nanofillers on the thermal stability of PEEK was estimated using a Perkin-Elmer thermogravity analyzer (TGA Diamond), running from 25 to 700 • C at a heating rate of 10 • C/min under nitrogen atmosphere.
Glass transition temperatures (T g ), storage modulus (E ), loss modulus (E ) and tan δ of the resulting PEEK nanocomposites were measured using a dynamic mechanical analyzer (PerkinElmer Pyris Diamond DMA). The dimension of the specimen was 50 mm × 10 mm × 2 mm (length × width × thickness). A bending mode testing was applied during the DMA scans, the dynamic load and the amplitude were 4000 mN and 10 m, respectively. The scanning range was from 30 to 250 o C at a heating rate of 2 • C/min and at a frequency of 1 Hz under nitrogen atmosphere.
Coefficients of thermal expansion (CTE) were measured by using a thermomechanical analyzer (Perkin-Elmer Diamond TMA). The thickness of the specimen was 1-2 mm. It was reported that the T g of the PEEK polymer is about 143 • C [7] . Accordingly, the scanning range was set from 30 to 250 • C at a heating rate of 2 • C/min and at a fixed load of 0.05 N under nitrogen atmosphere. The temperature range above the T g of the PEEK polymer is about 100 • C, and it is reasonable for the CTE measurement. Moreover, all the specimens were conditioned at 30 • C for 5 min prior to the thermal scan. Fig. 1 shows the silica dispersion as seen from the fracture surface of the tensile-tested composite specimens containing modified silica nanofillers of 5 and 10 wt%. For composites with a lower amount of nanofillers (2.5 and 5 wt%), the silica disper- sion is considered to be reasonably uniform, as seen from the exposed silica in the fractograph in Fig. 1a . The average domain (containing a certain level of silica filler clustering) is measured around 75 nm for the modified silica and around 180 nm for the unmodified ones. It appears that the modified composites contain a smaller filler domain and less agglomeration in the PEEK matrix. Accordingly, the surface pre-treatment with stearic acid on the nano-silica fillers could improve silica dispersion. But the clustering effect becomes more evident in composites with 7.5 and 10 wt% of silica nanofillers, as shown in Fig. 1b . The silica clustering domain size in both modified and unmodified composites can occasionally reach 500 nm, much larger than the average filler size of 30 nm. Note that there are some cracks in the SEM micrographs in Fig. 1 , which are induced by the tensile loading.
Results and discussions

Microstructure characterizations
SEM and TEM observations
As for the TEM observations, as shown in Fig. 2b , it also reveals the smaller domain for the modified silica filler in the PEEK polymer. According to the SEM micrograph, as shown in Fig. 1 , the dimension of agglomerates for the unmodified silica filler is about 180 nm in average, and that of the modified counterpart is about 75 nm, suggesting that the surface pretreat- ment with stearic acid on the nano-sized silica fillers could really decrease the tendency of aggregation of the nano-sized silica fillers in the PEEK matrix. The TEM observations again confirm the same result as described in the SEM characterization. In the TEM micrograph, as shown in Fig. 2 , the local density of the nano-silica fillers seems to be larger for the modified silica, suggesting the positive effect of the surface modification on the nano-silica. However, the TEM micrograph seems to be not consistent well with the SEM micrograph on the dimension of agglomerates, so that it is somewhat difficult to estimate which the agglomerates are larger in dimension. Theoretically, the domain of focus in SEM is no doubt larger than that of the TEM. The SEM micrographs could reveal more somewhat overall view. In other word, it is feasible to estimate the dimension of the agglomerates by using the SEM image.
XRD characterizations
It is well known that X-ray diffraction method can be applied to identify the microstructure, interfacial interaction, degree of crystallization of the polymer nanocomposites. In this study, this well established method was also applied to estimate the interfacial interaction between the silica nanofillers and the PEEK molecules.
It was proposed that the crystal structure of the PEEK polymer is orthorhombic structure, and there are four main diffraction peaks occurrence in the XRD patterns, i.e. (1 1 0), (1 1 1), (2 0 0), (2 1 1) [19] , as shown in Fig. 3 . There is no peak created or destroyed, irrespective of the modified or unmodified silica filled PEEK polymer, suggesting that there is no significantly interfacial interaction between the nano-sized silica fillers and the PEEK molecules. However, the inclusion of the modified silica nanofillers appears to shift the 2θ toward the higher angles, suggesting the smaller inter-planar spacings have resulted in, as compared with the XRD pattern for the unmodified counterpart in which there is no significant change in 2θ. According to the Bragg's law,
where n is the order number of an intensity maximum, λ the wavelength of the K␣ radiation, d the inter-planar spacing of the crystal lattice and θ is the angle of incidence or reflection [20] . Accordingly, the variation in the inter-planer spacing of the PEEK crystal lattice could be estimated, as shown in Table 1 . As stated above, the modified silica fillers would array a denser and more uniform dispersion in the PEEK matrix. Accordingly, the inter-distance of the fillers would be decreased. As a con- sequence, the smaller inter-filler distance could suppress the growth of PEEK crystallites, and bring about the smaller but a higher density of crystallites among the fillers. It seems that the spatial suppressing during the crystal growth could be responsible for the decrease in the inter-planer spacing of the PEEK crystal lattice when the modified silica nanofillers incorporated [21] . Moreover, the higher amount of the silica content would decrease more the inter-planer spacing, as shown in Table 1 .
Mechanical properties measurements 3.2.1. Microhardness measurements
It was proposed [2] that the smaller fillers are more effective in increasing the hardness and lowering the wear rate of the 
The increment percentage of the experimental data with respect to the unfilled PEEK is also included in parentheses.
PEEK nanocomposites. It has also been shown that a composite with a higher hardness value would be accompanied with a lower wear rate and friction coefficient [2] [3] [4] . For the present PEEK composites, as shown in Table 2 , containing 30 nm nanofillers and exhibiting appreciable hardness increment, it is conceivable to expect satisfactory wear improvement in the composites filled with 7.5-10 wt% nanofillers. It is also shown that the higher the filler content will impart the more improvement on the microhardness of the PEEK nanocomposites, irrespective of both the unmodified and the modified silica filled. On account of the effect of the surface pretreatment with stearic acid on the microhardness value, the modified silica filled PEEK nanocomposites reveal slightly higher H v values, as compared with those of the unmodified counterparts. As proposed above, with the smaller filler domain, the more effective in increasing the hardness would be [4] . Uniform dispersion and less agglomeration of the nanofillers could reduce the filler cluster dimension, but increase the cluster density, in the PEEK matrix. This would be responsible for the improvement on the microhardness values.
Since there is no widely accepted addition rule for the nanocomposite hardness (or modulus and strength), it is simply evaluated by the modified rule of mixtures for discontinuous reinforcement [22] , i.e.
where X can be hardness, modulus or tensile strength, V the volume fraction and c, p and m represent the composite, filler and matrix, respectively. The strengthening efficiency coefficient η would decrease rapidly with decreasing reinforcement aspect ratio [22] . Extending the values for short fibers with aspect ratios of 10-100 to the range for nanofillers with an aspect ratio of ∼1, η is assumed to be ∼0. Table 2 .
Room temperature tensile tests
As shown in Fig. 4 and Table 2 , the values for the room temperature Young's modulus, UTS and elongation of the PEEK polymer are 4 GPa, 101 MPa and 17%, respectively, and these data are very close to the previously reported values [23] .
On account of the Young's modulus, both unmodified and modified nano-silica filled PEEK composites show the linearly increasing trend with the increasing silica content. Moreover, the E values of the modified silica filled PEEK composites are higher than those of the unmodified ones for about 5%. It was described above that the modified silica would make denser and more uniform dispersion and less agglomeration in the PEEK matrix. Accordingly, it is convinced that the denser and uniform dispersion and the less agglomeration of the fillers should play the more effective role in the enhancement of the Young's modulus.
Recalling the modified rule of mixtures, Eq. (2), the maximum predicted composite modulus E would be ∼4.1 for the 10 wt% SiO 2 filled composite, using the modulus data of 3.9, 73 GPa [24] for PEEK and SiO 2 , respectively. Both the measured modulus data of the unmodified and the modified silica filled PEEK composites appear again somewhat higher than the predicted ones (Table 2) , suggesting the effective enhancement of the filled nanoparticles.
As for the UTS performance of the resulting PEEK composites, as shown in Fig. 2 , there are extrema at the filler content of 5 wt% for both the unmodified and modified silica filled PEEK composites. These extrema could account for that the agglomeration of the silica in the PEEK matrix will be more severe when the filler content is greater than 5 wt%. The filler content for the maximum strengthening in UTS seems to be contradictory with the effect on the improvement of the modulus. The proposed values for the effect of the nanofiller on the modulus of the resulting composites show the same trend that the modulus values of the nanocomposites will be linearly enhanced with increasing content of nanofiller [6, 15] . However, as for the improvement on the UTS, there is no consistent conclusion for the positive effect of the nanofiller on UTS [25] . Musto et al. [15] have compared the effect of the filler dimensions on the tensile stress performances of the polyimide/silica composites. It was found that the polyimide polymer filled with the nano-sized and coupling agent attached silica shows an UTS extremum at about 17 wt% silica content, and then gradually decreasing when the silica content increases. Comparing the effect of the surface pretreatment with stearic acid on the UTS, it is shown that there is no significant difference between the modified and unmodified silica filled PEEK nanocomposites. The predicted strength values in Table 2 , based on Eq. (1), is ∼103 for the 10 wt% SiO 2 filled composite, using the strength data of 89 and 1500 MPa [24] for PEEK and SiO 2 , respectively. Nevertheless, the tensile failure elongation continuously drops from the 17% of the unreinforeced PEEK to 5% in the 10 wt% nanocomposite, as shown in Fig. 4c and Table 2 . It was proposed that the inclusion of the inorganic filler into the polymer matrix could reinforce the weakness of the polymer matrix, but it would sacrifice the ductility of the polymer [26] . Moreover, the more the content of the inorganic filler, the less the elongation would seem to result in. In Table 2 , composites with modified silica nanofillers exhibit slightly higher tensile elongations than the unmodified counterparts. It was reported elsewhere [27] that the incorporation of hydrophilic fumed silica (primary particle size 7 nm) into poly(ethylene 2,6-naphthalate) (PEN), the melt viscosity and total torque values of the PEN/silica composites were reduced by the silica contents of 0.3-0.9 wt%. Silica with nano-sized domain of 7 nm is supposed to act the lubricant in the PEN matrix while deformation occurs. In the present study, the higher ductility for the modified silica filled PEEK composites might be also due to the lower degree of filler clustering and particularly a higher flexibility of PEEK matrix deformation, as discussed above.
Thermal properties analysis
DSC measurements
It is well known that DSC can be applied to determine the thermal properties of polymer, including melting point (T m ), glass transition temperature (T g ), heat of fusion ( H o f ), specific heat ( H), rate of reaction and so on. In this study, DSC was applied to estimate the effect of the nano-sized silica fillers on the crystallization behavior of the PEEK molecules. Accordingly, the crystallization initiation (T ci ), peak (T cp ), finishing temperatures (T cf ) and the heat of crystallization ( H c ) for both the PEEK and nanofiller-reinforced PEEK composites could be easily determined. In order to remove the previous thermal history, the first heating run was conducted from 50 to 410 • C and held for 5 min at 410 • C. After the first heating run, the PEEK samples were subsequently subjected to the first cooling run during which the crystallites of the PEEK polymer can grow up. Accordingly, T ci , T cp and T cf were measured from the first cooling run. Meanwhile, in the first heating run, T m depends on the previous thermal history of the specimen, e.g. isothermal temperature, cooling rate or cold crystallization during the heating scan. After removing the thermal history, T m from the second heating run depends on the cooling rate in this study. From the DSC scans, the absolute crystallinity fraction X c can be estimated by relating to the heat of fusion of an infinitely thick PEEK crystal, H o f , as [28] ,
where H o f is ∼130 J/g [29] and W polymer is the weight fraction of polymer matrix. As shown in Fig. 5 and Table 3 , the melting temperatures (T m ) of the nano-silica filled PEEK composites are nearly fixed, only slightly higher than that of the neat PEEK by about 1-2 • C. Furthermore, the melting temperature of the modified silica filled PEEK composites is slightly higher than those of the unmodified ones, suggesting that the uniform and less agglomeration could make the crystallites more perfect.
However, as shown in Table 3 , all the T cp temperatures of the nanocomposites are found to be lower than that of the neat PEEK. It is expected that the nanofillers in the PEEK matrix could more or less hinder the motion of the polymer chain segments during crystallization, and in turn impart the smaller spherulites with more defects in the resulting nanocomposites, as compared with the homogeneous crystallization of the neat PEEK. It appears that at higher filler contents the T cp temperatures of the nanocomposites will shift to the lower temperatures, indicating the more reduction in polymer chain mobility. Throughout the crystallization process, the lowered PEEK chain mobility by the inclusion nano-silica appears to play the dominant role. This factor directly results in the lower crystallization temperature T cp , the smaller crystal grain size, the slightly lower crystallinity fraction X c . However, the nucleation sites are appreciably enhanced by the addition of nano-silica, resulting in the fast nucleation and many smaller crystal grains. Therefore, reduction in polymer chain mobility could predominate over the enhancement of heterogeneous nucleation at higher filler contents.
As for the crystallinity of the PEEK matrix, as shown in Table 3 , the inclusion of the nano-sized silica would lower the crystallinity of the PEEK polymer, irrespective of the modified or unmodified silica particles incorporated. It is expected that the reduction in the mobility of the PEEK chain segments could hindrance the crystallization of the PEEK polymer, and in turn lower the crystallinity of the PEEK nanocomposites.
The inclusion of the silica nanoparticles could decrease T cp and X c by 1-3 • C and 3-5%, respectively, due to the hindrance in the PEEK molecular mobility during cooling crystallization. Furthermore, the values of T m , T cp and X c for the modified silica filled PEEK composites are mostly slightly higher than those for the unmodified ones, indicating again the performance of the nano-silica surface modification.
TMA measurements
It is well known that the linear coefficients of thermal expansion and T g of materials can be estimated using TMA technique, as shown in Fig. 6 and Table 4 . As expected, CTE is the criterion for the dimensional stability of materials. Here the CTE is classified into the glassy CTE (α G ) at temperatures below T g and the rubbery CTE (α R ) at temperatures above T g . However, as shown in Fig. 6 , there is local extrema at about 150 • C. This extrema accounts for the cold crystallization behavior of the PEEK segments when the temperature is higher than T g . Table 3 DSC data on the 30 nm unmodified silica (U) and modified silica (M) filled PEEK composites, obtained from the DSC runs T ci , T cp and T cf are referred to the initiation, peak and finishing temperatures for PEEK crystallization, respectively. All the heating and cooling runs were scanned at a rate of 10 • C/min. T m was obtained from the second heating run and T ci , T cp and T cf were measured from the first cooling run. As shown in Table 4 , the inclusion of the nano-silica would decrease significantly the rubbery CTE α R , as the filler content increases, irrespective of the modified or unmodified cases. It was reported that the CTE values for the PEEK and silica are 47 m/m • C (below T g ) [22] and 0.4 m/m • C [24] , respectively. The decrease in CTE values might be due to the lower CTE value of the ceramic silica. As a result, the CTE values of the resulting PEEK nanocomposites would gradually decrease when the filler content increases. Moreover, the large specific area of the nanosized silica filler might lower the CTE values of the resulting PEEK nanocomposites: the nano-silica fillers possessing large specific areas would greatly absorb the heat transferred from the PEEK matrix, and in turn greatly suppress the thermal expansion of the plastic PEEK polymer when the temperature is higher than T g . The other reason for the reduction of α R might be due to hindrance of the silica nanofillers toward the expansion of PEEK chain segments themselves when the temperature is greater than T g . It is known that the thermal vibration of the polymer would be greatly enhanced when the temperature exceeds T g . It is expected that the diffusion of the free volume among the vacancies existing in the polymer molecules should become more difficult at higher nanofiller contents when temperature is greater than T g .
As shown in Table 4 , the CTE values for α G and α R of the current PEEK are 44.35 m/m • C (close to the reported value of 47 m/m • C [22] ) and 1576 m/m • C, respectively. The hindrance toward the PEEK segmental mobility due to the inclusion of the silica nanofillers seems to be less effective when the temperature is lower than T g . The slight decrease in α G for composites with a lower amount of silica is also a result of the lower CTE value of the ceramic characteristics of silica. But when the nano-silica volume fraction is higher and the filler clustering becomes more severe, this effect becomes less and less evident. However, it would become more and more significant when the temperature exceeds T g . The CTE values for α R would decrease from 1576 for the neat PEEK polymer to about 210 m/m • C for the PEEK nanocomposite with a silica content of 10 wt%. As stated above, the lower CTE value of silica coupled with the large specific area seems to result in the significant reduction of the CTE value as the silica content increases. Accordingly, the hindrance toward the PEEK segmental mobility due to the inclusion of the silica nanofillers could play the predominant when the temperature exceeds T g .
Furthermore, PEEK composites reinforced with modified silica exhibit higher CTE values, as compared with the unmodified counterparts. In order to further describe the above result, a Table 4 Glassy volume expansion coefficient (α G ) and rubbery volume expansion coefficient (α R ) obtained from TMA for the unmodified silica (U) and modified silica (M) filled PEEK composites The T g values obtained from DMA method are based on the peak temperature of tan δ curve. schematic model is proposed to realize the relationship between the dispersion of the nano-silica and the free volume diffusion of the PEEK chain segments, as shown in Fig. 7 . Within the nano-silica fillers and the crystalline PEEK, there exists the free volume of the PEEK segments. It is shown above that the PEEK polymer filled with modified silica shows more uniform nanofiller dispersions and smaller filler domains. As a consequence, the free volume diffusion of the PEEK chain segments would be easier than those filled with the unmodified nano-silica fillers: the voids among the PEEK molecular segments would climb smaller molecular hills for composites with the smaller filler domains (Fig. 7a) than those with the agglomerated fillers (Fig. 7b) . It is well known that the free volume diffusion of the amorphous polymer should be greatly responsible for the CTE values: the larger amount the free volume diffusion would result in higher CTE values, as expected. Meanwhile, the values of T g obtained from the TMA measurement reveal no significant difference, independent of the filler content and whether with or without surface modification. This result is in accordance with that obtained from the DMA method.
DMA measurements
Dynamic mechanical analysis for the unmodified and modified silica filled PEEK nanocomposites was conducted to examine the effect of the inorganic nanofillers on the thermomechanical properties of the PEEK polymer. In Fig. 8 , the storage modulus (E ) and loss modulus (E ) of the PEEK nanocomposites are shown. Addition of the inorganic filler would increase the level of the E in the glassy region, with the highest value observed for the filler content of 10 wt%. The maximum increment of the storage modulus is consistently around 40% from 30 to 250 • C. The up-graded increment in the storage modulus is consistent with the trend of the Young's modulus, which increases with increasing silica content.
As for the enhancement on the storage modulus associated with the surface pretreatment, as shown in Table 5 , the E values for the PEEK polymer filled with the modified silica appear to be slightly higher than those of the unmodified counterparts, suggesting that the better dispersion of the nano-sized silica could reduce its domain size and make greater improvement on the modulus of the PEEK matrix. It was proposed [30, 31] The T g values obtained from DMA method are based on the peak temperature of tan δ curve.
that there are three regions around a nanofiller: an inner tightly bound region in which polymer motion is severely restricted by interactions with the surface, an intermediate but more loosely bound region, and finally the unrestricted bulk polymer. According to the proposed model, the nanofiller with smaller domains (i.e. nano-silica clusters) should have greater surface areas to interact with the polymer molecules, and the greater portion of the inner tightly bound region should result in. In the present study, the modified silica nanofiller could contribute to the higher storage modulus, as compared with that of the unmodified ones. It is well known that the glass transition temperature (T g ) can be precisely measured by DMA or TMA method. In the DMA method, there are two approaches to define the region of glass transition. One is the peak temperature of loss modulus (E ), and the other is the peak temperature of tan δ. In this study, the latter is applied to define the T g value, as shown in Table 5 . There is no change in the T g values for different filler contents as well as for whether with the surface pretreatment or not.
While the inclusion of the nanofiller could consistently increase the modulus of the resulting polymer composites [6, 15] , there seems no consistent effect on the T g value of the polymer. The presence of the nanofiller in the polymer matrix might react with the polymer molecules, and it could increase or decrease the T g value of the matrix. It has been proposed by Tien and Wei [32] that adding nanofiller (layered silicate) to polyurethane [32] would increase its T g value. They proposed that the hydroxyl groups present in the nano-sized silicate layers could react with the hard segments of the polyurethane (PU) and to form the hydrogen bonding. Hence, the inclusion of the silicate layers into the PU polymer would increase the T g value of the hard segment, but that of the soft segment would remain no change. However, the incorporation of the nano-silica into the SBR, i.e. the poly(styrene-co-butadiene), would decrease the T g of the SBR matrix [33] . It was reported that the SBR polymer filled with nano-silica, with or without silane agent attached, the T g value would decrease by about 1-2 • C as the silica content increases from 5.7 to 15 vol%. It was proposed that a gel layer could exhibit at the vicinity of the filler, and it could be responsible for the decreasing of T g .
In the present study, the T g values, determined by both TMA and DMA, were seen to be nearly fixed for the neat PEEK and all composites, irrespective of the filler content and surface modification. This implies that the chemical interaction between the nanofiller and the PEEK molecule is negligible. It might be account for the lack of reactivity between the nano-silica and the PEEK molecules. The inclusion of the silica nanofillers does not affect the inter-molecular arrangements or the bonding configuration of the PEEK polymer.
TGA measurements
In order to estimate the effect of surface modification on the thermal stability of the PEEK nanocomposites, thermal scans were carried out from 25 to 700 • C by the TGA method. As shown in Fig. 9 and Table 6 , the thermal stability of the PEEK polymer can be significantly improved by the inclusion of silica nanofillers. For lower filler contents (2.5 and 5.0 wt%), the thermal decomposition temperature (T D ) of the unmodified silica filled PEEK would be higher than those of the modified counterparts. However, there is no significant difference for the higher filler contents (7.5 and 10.0 wt%). As stated above, the boiling point of the stearic acid is about 361 • C [9] . Accordingly, the less thermal stability of stearic acid at elevated temperatures might be The T D values obtained from TGA measurement are based on the weight loss at 10%. responsible for the lower T D of the modified silica filled PEEK composites. At lower temperatures, the transportation passage of the stearic acid vapor in the bulk of PEEK matrix could be barred by the nano-silica fillers and the highly viscous polymer melt. As shown in Fig. 9 , there is no significant weight loss in the range of 350-550 • C. However, the stearic acid vapor would firstly escape from the PEEK matrix when the temperature is close to T D , because the viscosity of the PEEK melt would become lower at temperatures close to T D . At higher filler contents, the enhancement of the nano-silica on the thermal stability could be predominated over the effect from the less stable stearic acid.
Conclusion
1. The modified silica filled PEEK nanocomposite shows the decrease in domain size and more uniform filler dispersion, and it appears the smaller inter-planer spacing of the PEEK crystalline phase. However, the unmodified silica filled PEEK composites do not reveal this effect. 2. The inclusion of the silica nanofillers could increase the H v and E values for about 21-24 and 13-18% increments, respectively, at the filler content of 10 wt%, with the sacrifice of tensile elongation. Moreover, the modified silica filled PEEK nanocomposites exhibit higher H v and E values than those of the unmodified ones by ∼2 and 5%, respectively.
3. The inclusion of the silica nanofillers did not alter much the T m values of the resulting PEEK composites, but decrease T cp and X c by 1-3 • C and 3-5%, respectively, due to the hindrance in the PEEK molecular mobility during the cooling crystallization process. 4. As expected, the PEEK nanocomposite filled with the modified silica reveals the higher T m , T cp , X c values at the filler contents of interest as compared with those of the unmodified counterparts, indicating that the stearic acid modification on the nano-silica particles has expose its effect. 5. The PEEK nanocomposite filled with the modified silica would result in higher CTE values at the filler contents of interest as compared with those of the unmodified counterparts, indicating that the more uniform filler dispersion and the smaller filler domain in the PEEK matrix could bring about the more free volume. 6. The PEEK nanocomposite filled with the modified silica would show higher storage modulus at the filler contents of interest as compared with those of the unmodified counterparts, suggesting that the better well dispersion of the nano-sized silica could reduce its domain size and make more improvement on the stiffness of the PEEK matrix. 7. The PEEK nanocomposite filled with the modified silica would show a lower T D as compared with that of the unmodified counterparts. The less thermal stability of the stearic acid might be responsible for this lower T D .
